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ABSTRACT

The data obtained from two recent experiments conducted in a continuing
series of expermums at the Lewis Research Center into the contamination
characteristics of 2 5-pound thrust MMH/N50s engine are presented. The
primary objectives of these experiments were to establish the angulax distri-
bution of condensible exhaust products within the plume and the corresponding
optical dariage angular distribution of transmitiing optical elements attributable
to this contaminant. The plume mass flow distribution was measured by five
guartz crystal microbalances (QCM's) located at the engine axis evaluztion, on
a circle with a radius of 35 cm from the nozzle exit plane, and at a“z.les of 0,

30, 45, and 80 degrees. The fifth QCM waus located 2bove the engine and 150’
behind the nozzle exit plane. The optical damage was determined by ex-situ
transmittance measurements for the wavelencth range from 0.2 to 0.6 um on

2. 34 cm diameter fused silica discs also located at engine centerline elevation
and at angles of 5, 12, 20, 30. 38, 58, and 85 degrees. Both the mass deposition
and optical damage angular distributions followed the expected trend of decreasing
deposition and damage as the angle between sensor or sample and the nozzle axis
increased. A simple plume gas flow equation predicted the deposition distribution
reasonably weli for angles of up to £5 degrees. For angles greater than £5 degrees,
the measured deposition distribution indicated greater gas flow than that predicted
theoretically. The ovtical damage measurements aleco indicated significant effects
at large angles.

INTRODUCTIGN

Of the many possible sources of contamination that can occur to surfaces
and components on spacecrait, the exhaust plumes from reaction control system
(RCS) thrusters presenis one of the more serious threats. Yet only very limited
quantitative data are available on contamination eifects from these thrusters,
The lack of data is due to the experimental difficulties encountered in simulating
the proper space environment, and the inherent problems associated with the
sop‘ms,uca‘ed measurements and control systems requirecd to obtain data. For
examyule, in order to eliminate the interaction between the envircnmental facility
and the fhruster plume, it is necessary to rasort to large, clean vacuum
facilities having large pumping speeds for all gases mc‘ludmrr hydrogen, This
invariably requires large liguid helium cryop&mped SVStems and large distances
between the experiment and the measuring instrumentation with the attendant
instrumentation wiring and signal conditioning problems. In addition, compromises
must frequently b2 mede in the experimental procedure due to facﬂzty characteristics
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and the logistics and economics of the cryogenic fluids required for operating
such facilities.

During the past several years the NASA Lewis Research Center has been
conducting general studies on contamination effects due to small, control system
thrusters. A detailed description of the facility, thruster and the results from
previous tests have been presented in refercnces 1 through 6. Rasically these
studies have utilized a t~pound thrust, MMIH/N904 engine that is fired ina 2 x 4
meter liquid helium cryopumped space simulation facility. The thraster is
fired in a pulse~-mode duty cycle that is not only typical of control system
thrusters but is also compatible with the pumping capabilities of the LHe cooled
space simulation chamber to maintain a suitable environment.

The purpose of this paper is to report data which have been obtained from
two recent tests in this study. These two tests, though similar in concept,
were very different in terms of objective, thruster firing mode and instrumen-
tation, The primary objective of the first test was Lo establish the angular
distribution of contamination effects (optical damage) due to nozzle exhaust
products as measured by transmittance changes on a series of fused silica
discs lecated around the engine. The primary objective of the second experiment
was two-fold: (1) to measure contamination effects on solar cells and various
other spacecraft materials and surface coatings, and (2) to determine the angular
distribution of condensible products within the exhaust plume as measured by
water~cooled quartz crystal microbances (QCM's}. Only the angular distribution
<{ the optical damage from experiment | and the angular distribution of the
condensible deposits from experiment 2 will be presentea. The contamination
effcets on solar cells and various materials from experiinent 2 are presented
i~ reference 7.

FACILITY AND EXPERIMENTS

Facility: The experiments were carried out in the 2 x 4 meter liquid-
helium=cooled space simulation chamber described in reference 6. The engine
and the experiment package are located within the space simulator as shown
in figure I, The engine is a pressure~fed, bipropellant, single/doublet unit
with a stainless steel, radiation-cooled nozzle. The fuel is MMH and the
oxidizer is NoO4. The thruster is fired in a horizontal direction toward the
liquid helium-cocoled wall, A gaseous argon leak is introduced into the simulator
at the thruster location to cryotrap the hydrogen released during thruster firing
(see ref. 6 for a discussion of this effect). The 5-pound thrust engine is generally
fired in a pulse~-mode with an ON-time of less than 200 msec, and QFF-time
greater than 100 msec, and in a train of pulses limited to a total ON-time of less
than 500 msec. This ON-time limit insures that proper space simulation is
maintained at all times,.

Included within the facility at various locations are fast response vacuum
gauges to monitor the response and pumping characteristics of the facility
With liquid helium-cooled walls, the facility pressure is less than 1 x 10"9
torr during nonfiring periods. Prior to thruster firing, the gaseous argon leak ~
is introduced and the tank pressure rises to an equilibrium value of 6 x 10~7 torr.
When the thruster is fired, the tank pressure increases momentarily to 5 x10~Storr,
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but within 3 minutes recovers and returns to the steady value of 6 x 10~ "torr.

Experiment 1: A schematic drawing of the test plane showing the
pertinént deiails 1or experiment 1 is shown in Figure 2a. ‘There are ten,
2. %4 cm diameter, fused silica samples mounted around the thruster at the
engine centerline level. The primary objective of this test was to establish
the angular distribution of the effect of the plume contamination as measured
by changes in the transmittance of the fused silica samples. The transmittance
measurements are made ex-situ after the completion of the experiment.

The testing program for experiment 1 consisted of firing the 5~-pound
thrust engine on four days during which 1241 pulses of 50 msec duratlion were
accumulated for a total exposure time of 62 seconds. The specific firing
mode that was used during this test consisted of a train of 8 consecutive £0 ms
pulses with 100 msec between pulseg; a train was repeated every 7 minutes
and approximately 40 trains were fired during 6 hour period, on each of the
four iiring days.

Experiment 2. A schematic drawing of the test plane showing the pertinent
details for experiment 2 is shown in figure 2b. There are five, 2. £4 cm diameter
fused silica samples, and four QCM's mounted around the thruster at engine
center line level., There is also one QCM mounted above the engine and 150
behind the nozzle exit plane, The primary objectives of this test were: (1) to
establish the contamination effect to solar cells and various spacecraft materials
and coatings mounted on a horizontal pallet which is located 10 cm oif the
engine centeriine to simulate a spacecraft surface, and (2) to establish the
plume deposition distribution as measured by the five QChM's. In addition, the
five fused silica samples were used to obtain optical damage data to supplement
Experiment 1 data.

The test program for experiment 2 consisted of {iring the engine on 6 days
during which 5375 pulses of 14 msec duration were accumulated for a total
exposure time of 73 5 seconds The engine firing mode consisted of a train of
25 consecutive 14 msec pulses with 100 msec between pulses; a {iving train
was repeated every 7 minutes and approximately 36 trains were fired each day
during a 6 hour period. This particular pulse firing mode was suggested by
the NASA-MSFC Skylab Project office as being typical of a Skylab duty cycle.

INSTRUMENTATION

QCM Measurements: QCM's are being used extensively for flight and
g -ound iest contamination experiments (refs, 8, 9, and 10). These devices are
capable of sensitive, real-time measuremeiits of the miass depositing or
leaving the suriace of the sensing crystal. The crystals of the ©°CM's used herein
(shown in figure 3) have a diameter of 1.27cm, a thickness of 0.25 mm, and an
exposed surface area of approximate.y 0.45 cm2. The crystals are cut on the
AT-plane, are silver coated and have a natural resonant frequency of 5 MHz.
The measured cutput of the QCM is a '"beat frequency’ which is composed of the
5 MHz sensing crystal frequency mixed with a reference oscillator frequency
which is slightly greater than the crystal frequency. Mase addition to the crystal
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causes a decrease in the crysial frequency and a corresponding increase in the
beat frequency. The sensitivity of the measuring system is =1 Hz which
corresponds to a mass addition on the crystal of . 018 ugm/cm¢, Temperature
centrol is provided for the crvstal holder by a recirculating water supply to
minimize temperature effects on crystal frequency. References 10 and 1l present
further detail on QCM characteristics and their application for contamination
monitering.

Optical Daimmage Measurements: Transmittance measurements on the
fused silica sampiés were made ea-situ, after the completion of the experiment
by two independent spectrometer systems. The two systems are: (1) a MgO
coated integrating sphere with a lithium-fluoride prism monochromator and
(2) a 1 meter, 158 Robin mount ultraviolet (uv) scanning spectrometer with a 590
groove per millimeter graling.

The integrating sphere system utilized the sample-in/sample-out technigue
with the sample located at the inlet port of the sphere., The transmittance
measurements made with this system are hemispherical transmittance in that
all of the radiation {ransmitted through the sample is collected and measured.
The transmittance measurements were made over the wavelength range from
0.34um to 2, 5um.

The UV spectrometer measurements also utilized the sample-in/sample-out
technique with the sample located at either the inlet or exit port of the instrument.
The transmittance measuvrements {Experiment 2 oaly) made with the sample
iocated at the exit port are hemispherical transmittance similar to the inte-
grating sphere measurements, With the sample located at the iniet port, the
measurements are directional transmittance in that only the radiation trans-
mifted along the optical axis of the 1 meter spectrometer is measured. These
transmittance measurements were made over the wavelength range from 0.20um
to 0.6um.

RESULTS AND DPISCUSSION

Mass Deposition Measurements: 1In general, the mass deposition process
as indicated by the QUM nieasurements appeared to be erratic. Many unexplain-
able events were recorded during the experiment and the QCM response to each
engine firing was not consistently rewvroduceable. This general comment is not
intonded to reflect unfavorably on the guality or usefulness of the recorded
data, but to indicate that some difficulty was encountered in the analysis of the
data to obtain useful information.

The primary difficully encountered in analyzing the QCM data was the non-
repeatability of the initial and net deposition rates which occurred wilth each
engine firing so that rcoresentative rates could be confidently determined for
each QCM in order to establish an angular deposition distribution. The poor
repeatability is attributed primarily to the vertical orientation of the crystal
surface and the high crystal temperature (z15°C). At these temperatures the
deposits which collected on the crystal were undoubtly liquid; and long time
accumulation would cause large droplets to form. These droplets could either
flow off the crystal surface or result in non-uniform deposits on the crystal
surface and cause discontinuous events to be indicated by the sensor. Further-~
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more, bombardment of the vertical crystal surface by the frozen or liquid
exhaust particles could dislodge the residual :nass on the crystal surface and
result in a net decreasce in the sensor autput during a thruster firing period.
Such events did occur frequently for @CM's which were located in the regions
of high gas flow. As a result of the uncertainty of events and our lack of
understanding of the real plienomena which occurred . it was necessary and
useful to consider the analysis of the data in terms of an ideal QCM response.

Figure 4 presents a select set of actual experimental data illustrating,
for one location, the i1deal QCM response to the pulse-mode engine firing.
Figure 4 is a conlinuous time record of the 45 degree QOCM for six consecutive
engine firings which occurred over a period of approximately forty-five minutes.
The measured cutpul (or response) of the QCM is the beat frequency in Hz. As
maierial is deposited or added to the crystal surface, the beat irequency
increases. The step-wise characier of the recorded trace indicates an initial
addition of material io the crystal surface at the instant the engine is fired in
a train of twenty-f{ive, 14 mscc pulses. The step increase is the total accummu-
lated deposits for the total train «f 25 pulses which occurs over a period of
2 75 seconds (twenty-five, 14 mscce firing pulses with 100 msec between pulses).
The first step increase shows an initial deposit corresponding to a beat {re-
quency change of =100 Hz, The 100 Hz beat freguency is a mass change of
1. 80ugm/cme, Alter the initial step chance, there is a gradual decrease in
beat frequency over the subsequent seven minute, non-firing recovery period
due to evaporation or sublimation of the deposited material. Afier seven
minutes, the engine is again fired in a similar train of twenty-five, 14 msec
pulses with a corresponding initial step increase in beat freguency of =100 Hz
again and the subsequent slow evaporation or sublimation during the seven
minute non-firing recovery period. This stepwise change is repeated every
seven minutes for the six firing cycles. TFor the six trains, the initial beat
frequency change ranged from 90 to 120 iz (1.62 to 2. 16ugm/cm?e),

The data of interest in figure 4 are the initial step change in the best fre-
quency for each firing train, and the net or long term accumulation of deposits
on the crystal surface that eventually could degrade the optical characteristics
of nearby surface components. The net deposition or accumulation of mass
on the sensor is indicated by the dotted line in {igure 4. For the six engine
firings, a net change of 60 Hz was measured corresponding to an average
change of 10Hz per firing.

During each firing train, the sencor is exposed to the engine plume products
for a total of 0. 35 seconds (CN-time). Therefore, the rate of change in the
initial beat frequency based on a per second of plume exposure time ranged
from 257 to 343 Hz/sec of exposure, (The corresponding mass deposition rates
are 4.63 to 6.17 ugm/cm2/sec) These measured initial deposition rates may
be lower than actually occurs because the data-taking process was unable to
measure the peak frequency change, and meagured a somewhat lower value
after the evaporation process had started.

The net deposition change of 10 Hz for a irain fired every 7 minutes results
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in a net deposition rate of 0. 0733 Hz/sec or 10 Hz/train.  The corresponding
mass rates are 0.00043:gra/em? /sec and 0. 180ugm/em2/train. As can be
noted in Figure 4, the CFF-period of 7 minutes is not sufficient ‘or the total
deposited mass to evaporate or sublimate and reach an equilibrium value.

A longer period between firings would have permitted more deposited
material to leave the crystal surface and resulted in a signilicantly smaller
net deposition rate. Conversely, a shorter time between [irings would have
resulted in a much larger rate,

The precedeing discussion of the ©@CM response describes the material
deposition phenomena on the ©QCM's {or pulse-mode firing under the least
complicated concditiors. i.e. effects such as impact, mass build-up, and
coalescing of contaminant droplets do not affect the deposition/evaporation
process which is considered to occur. ©QCM response characteristics similar
to that shown in Figure 4 have been measured repeatedly in previous experi-
ment for many consccutive firing trains and for different pulse-mode duty
cycles. However, it should be emphasized that such responses did not occur
for all {iring trains nor did it occur for all ©CM's during this experiment,

To illustrate the variation in initial deposition rates that were mensured
throughout the test, Figure 5 shows the initial change in the beat {requrncy for
the five @CM's. During the course of experiment 2, the thruster was
fired for 225 firing trains which consisted mainly of twenty-five, 14 msec
ON/100 msec OFF pulses. Data are not shown [or every pulse train for two
reasons: (1) data were not taken for every firing train, and/or (2) the beat
frequency showed either no change or a decrease during the firing period.
Only that data which showed a net positive siep increase of 1Hz or greater in
beat frequency is included in Figure 5. As zan be noted, the range of the beat
frequency change is considerable for each of the QCM's.

The data for the 0° QCM, which is located directly on the nozzle axis, were
the most difficult to interpret. After the fifth firing train on the lirst {iring day,
this QCM accumulated &« mass deposit corresponding to a beat frequency change
greater than 100 KHz. (This is the maximum change recommended by the
sensor manufacturer, ref.11). During the subsequent days of the experiment,
the deposited material either evaporated, sublimated, dripped or was knocked
from the crystal surface and consistent rneasurements were obtained inter-
mittently. The initial beat frequency changes as shown in Figure 5 ranged from
110 to 9800 Hz. The average of all the measured values was 2£44 Hz (46ugm/
cm?/ver firing train). A value of 2156 Hz was obtained for exposure of the
uncontaminated crystal to the first {iring train. The first train, which was
used to eslablish the engine combustion parameters, consisted of four, 50 msec
pulses for a total exposure time of 200 msec as compared to the 353 msec
exposure time obtained for the twenty-five, 14 msec pulses. Extrapolating
the deposition change for the four, 50 msec pulse train to the twenty-five,

14 msec pulse train by the ratioc of ON-time; the corresponding beat frequency
change: for the first train would have been 3773 Hz. The comparison of this
value with the average change of 2544 Hz for all the measured trains gives
confide.ce to the average value and indicated that useful data could be obtained
even though the crystal had exceeded its maximum mass build-up early in the

test.
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Reference 12 predicts that large amounts of incomplete combustion
products will occur on the nozzle axis which could explain the extreme events
which were measured by the o° "Cgl (A pracucal recommendation obtained
from this data 1s to eliminate the 0¥ QCM in future experiments.)

The 30° QCM data were considerably more consistent than the o° ocMm
data. The initial change in beat frequency ranzed from 43 to 1700 Hz. The
average value for all the measure data points was 390 Hz, The events
recorded by this QCM tendad to become more erratic as the experiment
progressed and the total exposure time and nccumulated deposits on the crystal
increased. The deteriorating response of the QCM with exposure time was
attributed to the significant accumulation of mass on the sensor surface. Bythe
175th firing train, the QCM indicated u total mass accumulation corresponding
to a beat requency change greater than 100 KiIiz No further data were obtained
with the QCM after the 100 XHz level had been reached.

The 45° CCM data were by far the most consistent and reproducible of the
GCM's The initial change in beat irequency ranged from 1% to 1206 Hz with
most of the data occurring in the 40 to 60 Hz band, The average value of all
the data points is 49 Hz

The 90° QCM :ulso operated consistently throughout the complete experi-
ment., At this location the initial change in beat frequency ranged from 1 to
21 Hz with an average value of 3 ¥z, Data are shown in Figure 5 for only a
frequency change greater than 1 Hz which is considered to be the maximum
resolution of the sensor system. Many engine firings resulted in no change or
a negative change in heat frequency during the firing period. These changes
are not shown and were not considered in determining the average value of the
initial beat frequency change,

The IOSOQCM located above and behind the engine axis also provided con-
sistent data throughout the expe,iment. The initial beat frequency change
ranged from 1 to 9 Hz with an averaze value of 2 Hz. Again only frequency
changes greater than 1 Hz are shown and many firings resulted in no increase cr
a decrease in the beat frequency.

In order to establish the angular distribution of the condensible products
within the exhaust plume the average values of the initial change in beat fre-
quency shown in Figure 5 are plotted in Figure 6. The data points are divided
by the 0° QCM value to obtain a normalized distribution for comparison with a
theoretical plume gas flow calculated for an exhaust gas with a specific heat
ratio of 1.28 and a nozzle area ratio of 40 which corresponds to the values for
the experimenial engine. The comparison between the data and the calculated
distributions is reasonable for off-axis angles up to 55 degrees. However, for
angles greater than 55 degrees the trend in the measured ‘data indicates consi-
derably hxgher deposition tkan that predicted by the gas flow from reference 13,
This result is consistent with the experimental data of reference 14 which algo
showed significant back-flow for an exmnding plume of unreacting N, and CO2
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gases. The faired curves selected from reference 14 are for a 15 deg."ee
nozzle with an area ratio of 60 and 2 plenum pressure of 3.2 psia, The

trend indicated by the data.herein,and the data of reference 14 are similar and
both show that significant back-flow can occur,

From a contamination viewpoint, however, it is not necessarily the total
plume gas flow or the initial depnsition rate which is of importance, but
rather the deposits which "'stick’’ or remain on a surface for long time periods.

* Such deposits can subsequeuntly result in optical degradation and aiter the

operaticnal characteristics of spacecraft surfaces and components. Referring
to Figure 4 it is the net deposition rate of 10 Hz per firing train that can

result in long term contamination effects. The measurement of the net
deposition rate, however, was even more difficult and the interpretation of the
data more qualitative than that encountered in the initial mass deposition data.
Only very limited residual net deposition data were obtained. The limited

data that were selected as suitable for actermmmq net deposition rates are
shown in Figures 7a, 7b. and Tc. for the 30°, 45%9and 90° QCM's. The “ata
points that are shown are the QCM froqucncy iust prior to each enrrme firing.
These data were selected because of the consistent increasing trend shown by
the data over a time period of one hour (or approximately 8 consecutive trains).
The net deposition rate is determined by the rate of increase of this set of data
and (for purposes here) is approximated by a linear fit of the data points. The
primary difficulty encountered in obtaining net de.)oc ition rates was the temporal
instability of QCM sensors of 100 Hz/Hr. (ref 11), the small net deposition
which occurred for the {firing mode being studied, and the limited resolution
(=1 Hz) of the measuring system. A

For the 30° QCM, three net deposition rates of 11, 20, and 89 Hz/firing
train were obtained. For the 4 OQPM five net Cpateq of 9, 16, 20, 22 and ?5
Hz /firing train were obtained. While for the 90°QC# no rates were obtained
and only a very slowly varying frequency change occurred which could not be
distinguished from the expected drift of the sensor system. Similarly no data
could be obtained {or the 10, degree QCM The srimary conclusion which can
be drawn from these datz is the comparison nf the average measur (gl net
deposition rates of 40 anc 18 Hz /flrms: train between the 30 and 45YQCM. The
change from 40 to 18 Hz/firing train (or a factor of 2) between the two locations
is significantly less than the ratio of the average values for the initial deposi-
tion rates from Figure 4 of 390 to 49 Hz /fir g nulse (or factor of 8). If this
trend of a smaller difference between the 30° and 45° C‘CM is vreal, the net
deposition distribution would be considerably flatter than the initial deposition
curve in Figure 6,

4t this point in our study, however, it must be concluded that the net depo-
sition rate data are only qualitativayuseful because of many uncontrolled
effects such as crystal surface temperature, simulater envirponment pressure
(vacuum), crystal surface history, existing residual deposits, and time between
firing pulses all of which can significartly affect the mass which will remain on
the crystal {or long periods of time. In addition, significant diiferences will
occur during the zero-gravity conditions of real space flight. These resalts,
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however, are useful for providing insight irto the trends which may occur
for long term cortaminating effects on samples,

Optical Damage Measurements:  Figure 8 shows ex-silu 40x photo-
micrographs of Tour of the conlaminated fused silica samples after the
completion of Experiment 1. The appearance of the cortaminant is a quali-
tative irdication of the cortamiration effect as it is irfluenced by sample
location. At the 5 degree angular location {sample not shown) the contami-
nant occurs as large, irrcgular shaped puddles with the major dimension
greater than 500 um. The residue exists as a clear, viscous liqgmid. At the
20° position, the large irregular shaped puddles do rot exist but rather
smaller, more circular droplets primarily in the 50 to £00 pm diameter
range occur. At 38 degrees, the droplets are smaller (20 to 200 um) and wide-
ly spaced over the sample surface. At 56 degrees the droplet size has dimin-
ished to the 10 to £0um range and the contanmurant 1s becomirg more evenly
distributed over the sample surface. At the 8% degree location, the sample
surface is almost uniformly covered by very small, tightly packed droplets in
the 2-10 um range. The contaminant creates a dry, fcg-like appearance on
the sample. Ex-situ transmittance mecsurements were made on the fused
silica samplies shown in Figure 2a and 2b after the completion of each experi-
ment to establish the optical damage (or change) which occurred, and to estab-
lish the angular distribution of these changes around the engine.

Figures 9 and 10 show the measured changes in directional and hemispheri-
cal transmit{ance of the samples as a function of wavelength and sample loca-
tion. Experiment 1 contains a more complete series of samples than does
Experiment =, other requirements in Experiment 2 limifced the number of
samples that could be installed. Experiment 2 data is intended mainly to
supplement the Fxperiment 1 data in that they include hemispherical trans-
mittance measurements below 0. 34um which were not obtained in Experiment 1
or in previcus cata (reference 3 and 4).

The transmittance data are presented in terms of a normalized trans-
mittance ratio which is defined as 2 y
(’21:// > — ‘ Mac)™ 2n ( /c}'/?”‘@)HEﬁS.
Ca NORM e
where Z,and Z,are the transmittance of the ¢ - taminated and clean sample; 2is
the distances between a sample and the nozzle exit cen.er, anda is the distance
between a reference sample and the nozzle exit center. The relerence sample
has been selected as the sample nearest the nozzle axis. (A qualitative justi-
fication for the applicabilily of this normalization parameter is given in
reference 3. It is based upon the Lambert-Bouger Law of absorption and a
simple source flow distribution for the nozzle) The normalization parameter
’éz/gbednaﬁis used because of the different sample distances and the more general
/ . . . - s :
angular distribution that can be achieved by normalizing the data to a common
distance.
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The data shown in Figure 9 and 10 show a consistent trend of increasing
contamination effect with decreasing wavelength for both directional and
hemispherical transmitiance and the expectoed decreasing effect as the angle
between sample location and nozzle axis increases. For wavelengths
greater than 0. 3um, the hemispherical tranemittance data {which include only
absorption losses) showed, in general, a lesser change than do the directional
transmittance data which include both absorption and scatiering losses.

In addition to these general trends, the following qualitative conclusions
can be made from the data obtained ‘or both experiments:

1. The maguitude of the changes is greater for the experiment 2
(14 msec pulse) data than {or the experiment 1 (50 msec pulse) data indica-
ting the possibility of greater contaminating effects with the shorter ON-time'
(14 msec) pulses.

2. The change in hemispherical transmittance for wavelengths longer
than 0. 5um is negligible in both sets of da'a indicating only minor absorption
effects by the contaminant in the longer visible wavelength region.

3. The 'arge changes in hemispherical trausmittance at wavelengths
shorter than 0.4 pm obtained in Experiment 2 indicate primarily strong
absorption effects by the contaminant. The similarity between the hemis-
pherical and directional changes indicate that only minor scattering effects
occur at the short wavelengths,

Figures 11 and 12 show the data from Figures 9 and 10 as a function of
angular location to illustrate the angular distribution of the transmittance
changes for wavelengths of 0.20, 0.26, 0.34 and 0.48:m. The curves show
the general trend of increasing effect with decreasing angle and shorter
wavelength.

For Experiment 1, the angular distribution for unly directional trans-
mittance is shown. The similarity of the data for the samples to the right and
left of the nozzle axis indicates a fairly uniform aistribution of the exhaust
products. For wavelengths shorter than 0. 30um both sets of data show that
the changes at large angles are quite noticeable and are greate» than 10 per
cent at angles of 85degrees. However, for wavelengths greater than 0.48ym,
the effects are negligible except for samples which are within an 18 degree
cone (which contains the bulk of the nozzle exhaust products).

For Experiment 2 both directional and hemispherical transmittance distri-
butiors aie shown for the samples on the left side of the nozzle axis. The
trends and levels are similar for both sets of data. Changes greater than
30 percent are measured at wavelengths of 0.20um for samples located as
much as 85 degrees off the nozzle axis. The damage noted in the Experi-
ment 2 data is greater than that for the Experiment 1 and is probably attribu-
table to the shorter firing pulse.
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CONCLUSIONS

Data from two recent experiments were presented to establisn the angular
distribution of the plume mass deposition ard the resyltig optical damage
(ransmiitunce change) on fused silica samples lor puise~mode firirg of a
t-pound thrust, MMil ‘No04 RCS thruster., The miass deposition moasurements
were obtained by quartz crystal microbalaaces loeated at 0, 30, 45, 90, and
107 degreces off the nozzle axis. The optical damace data were determined by
ex-situ transmittance measurements on 2, 54 cm diameter {used silica discs
located at «, 12, 20, 20, 38, 56 and 85 degrees.  The data, though somewhat
qualitative indicuted the following results:

Mass Deposition [nstribution  The mass deposition measured by the
QCM's ndicated he expecied distribution of deereasing deposition rates
as the angle between sample and nozzle axis ncereased A comparison of the
initial deposition data with a simiple plume gas flow equation indicat=d that
reasonable relative correlation was obtained for angles up to fifty-five degrees,
For angles greater than fiftv-five degrees, the atzular distribution of the ©CM
measuremoents indicated considerably greater deposition rates than the gas
flow predicted by itheory, Mass deposition values as large asg 1673 o the nozzle
centerline value were measured at angles ¢greater than 900 indicating that
plume back-flow sufficient to cause significant optical damage to surfaces or
components generally considered not within the plunie boundaries may occur.

Some limited net deposition data were obiained and indicated that the
material which did rot evaporate or suiilimate from the ©OCM crystal surface
seven minutes after exposure to the thruster firing was considerably less than
the material initially condensed on the crystal surfice, An angular distribu~
tion of the net deposition data, which are directly 1 2lated to contamina:ion effects,
could not be obtained because of limitations in the experiment, sensors, and
data gathering systems.

Significant and unpredictable events were noted by the CCM measurements
for what was considered io be a stable ard repetitive pulse-firing mode. These
variable evenis were attributed to the vertical placemert ot the C€CM c:rystal
surface in this experiment and the random impact effects which can ocrur when
the crystal surface in this position is bombarded by the exhaust products from
the thruster. The combustion process during the 14 msec ON-time puise was
undoubtedly incomplere and resulted in large amount of unreacted exhaust
products.

Optical Damage Distribution, The transmittar.ce measurements also
followed hie eXpecied disiribution of decreasing changes as the irgle hetween the
sample location and nozzle axis increased. The trernd exhibited by the optical
damage distribution indicated greater damage at larye angles (559) off the
nozzle axis than would be predicted by the plume gas f{low distribution, Ata
wavelength of 0, 2um, transmittance changes of at least 10 per cent were
measured for an angle of 85 degrees. At an angle of 5 degrees transmittance
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changes as large as fiity per cent were measured.

The optical damage data also irdicated that somewhat greater damage
were measured for the experiment with the shorter ON-time firing pulse
(14 mscec 1s compared (¢ the 50 msec).
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